Adding holes in a periodic arrangement to metallic thin films greatly affects the optical properties of the metal film. The compound structure can exert a large influence on electromagnetic fields that interact with the hole array. Many parameters affect the actual response of the hole arrays to electromagnetic fields, such as the periodicity, the size of the holes and their shape. Here, we will show by calculation that the angular emission and lifetime of emitters, embedded in hole arrays comprised of rectangular holes with varying aspect ratio, depend strongly on the hole aspect ratio. Specifically, changing the aspect ratio of the holes leads to a large variety in far-field emission patterns and a more than 10-fold changes in decay rate of a single emitter placed in the central hole of such an array.
INTRODUCTION
Non-periodic metal surfaces and (nanoscale) metal objects can have a significant effect on the luminescence of emitters. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Plasmon resonances of small metal particles have been shown to enhance the Raman signal from single adsorbed molecules, 11, 12 the fluorescence of organic dye molecules, [13] [14] [15] as well as the luminescence of silicon quantum dots 16, 17 and electroluminescence of devices based on silicon. 18 The increased yield of radiative processes having a low quantum efficiency, together with a spectral selectivity that can be engineered, make that plasmon resonances in general have a high applicability for devices and sensors. In periodic structures, plasmon resonances can have counter-intuitive results. For example, hole arrays can exhibit an average transmission for specific wavelengths of light that greatly exceeds the expectation based on the transmission of a single hole. 19 Additionally, it has been shown that, for various shapes and sizes, the transmission of hole arrays can be changed drastically, solely by a variation of the shape of the individual holes. 20 Local resonances, or shape resonances, also play a role in the transmission of light through hole arrays [21] [22] [23] and in the efficiency of non-linear processes in hole arrays. 24 Luminescence of emitters near and in hole arrays has been studied earlier: various interactions of emitters with hole array structures have been reported in literature, such as enhanced fluorescence by molecules, 25, 26 plasmon excitation in hole arrays by molecules 27 and a reduction in the lifetime of molecules. 28, 29 However, the specific role of hole shape on fluorescence has only gotten minimal attention. Here, we will show by calculation that the angular emission and lifetime of emitters, embedded in hole arrays comprised of rectangular holes with varying aspect ratio, depend strongly on the hole aspect ratio. The strong dependence of these properties on hole shape opens up new routes to control the emission of emitters.
DIPOLAR EMITTERS IN INHOMOGENEOUS MEDIA
Though the lifetime of an emitter is inherently a quantum-mechanical phenomenon, classical electrodynamics can be applied if an emitter is viewed as a classical dipole. 2, [30] [31] [32] [33] The decay rate of a single emitter can quite easily increase an order of magnitude in the vicinity of metal structures that support plasmonic modes, such as nanoscale spheroids made of gold or silver. 13, 14, 17, 33 Also near thin films of metal, a strong dependence of the decay rate of an emitter on the distance to the metal film can be found, a phenomenon explained by the excitation of SPP modes in the metal film by the emitter.
2, 33-35
The rate at which a molecule dissipates power is defined as the decay rate γ. The contributions to γ can be subdivided into the following parts:
where γ i is the rate at which power is dissipated intra-molecularly, γ r is the rate at which power is dissipated into the far field and γ n is the rate at which power is dissipated non-radiatively, like certain surface plasmon polariton modes. The relative change in the lifetime of a molecule when placed in another environment is connected to the total decay rate and dissipated power as follows:
where τ is the lifetime of the molecule in the environment and the subscript 0 denotes the value of τ , γ and P in a reference environment, usually free space. The change in decay rate γ/γ 0 can be calculated with classical electrodynamics. 2, [30] [31] [32] [33] If a single Hertzian dipole, as an approximation for a luminescing emitter, is considered, then γ/γ 0 is related to the dipole moment and local electric field as
Here, p is the dipole moment of the source and E l the value of the electric field at the location of the dipole. Due to the complexity of the geometry and materials, analytical solutions to Maxwell's equations are difficult, if not impossible, to obtain. We therefore pursue similar methods as published earlier, 7, 8, 10, 36, 37 where the change in decay rate γ/γ 0 is numerically estimated by solving Maxwell's equations in a finite element version of the original. In order to calculate the angular emission patterns, tangential field components, obtained close to the truncation of the calculation volume, are stored for each time step. Using this information, the far-field radiation power per unit solid angle P (θ, φ) is obtained by Fourier-transforming these near fields into far fields according to methods published elsewhere. 
SIMULATIONS

Model set-up
The total radiated power by a classical dipole in a hole array was calculated with models of hole arrays samples that are smaller than arrays typically used in experiments. The origin of the truncation stems from the fact that a typical hole array sample is too large when modeled numerically to fit inside the working memory of a desktop computer. Here, the number of holes had to be limited due to computer memory and time limitations. However, since experimental evidence is available which shows that arrays of 9 × 9 holes behave essentially the same as arrays of 19 × 19 holes, 39 it is assumed that the reduction of the number of holes does not considerably change the local environment of emitters present in the central hole.
The model hole arrays consist of a dielectric substrate with ε = 2.25, on which a layer was placed of 200 nm thickness of a material that has an electric permittivity that follows a Drude model. The Drude model's parameters were chosen such that the electric permittivity of the material describes that of gold in the range of 350-400 THz (≈ 750-850 nm). In this layer, 81 rectangular holes in a 9 × 9 arrangement were placed. The electric permittivity of the holes was set to that of vacuum. The models were truncated just beyond the area of the holes and an absorbing boundary layer was applied. 40 The periodicity of the holes was fixed to 410 nm in both the x-and y-direction. The area of an individual hole is fixed to 34 · 10 3 nm 2 , but the aspect ratio Δx/Δy The results of a calculation of the electric field amplitude at the center of a hole in an infinite hole array, where a y-polarized plane wave was used as excitation. The amplitude of the excitation was 1 V/m. As the hole aspect ratio increases, the strongest resonance shifts to lower frequencies (longer wavelengths), whereas the location of the second, slightly weaker, resonance is more or less fixed at ≈ 500 THz (600 nm).
was varied from 1 to 2.36. Here, Δx is the size of a hole in the x-direction and Δy is the size of a hole in the y-direction. See also Fig. 1a .
Employing periodic boundary conditions, the electric field strength at the center of a hole of an effectively infinite array of holes was calculated for a y-polarized plane wave. The plane wave's propagation direction was perpendicular to the metal surface and its amplitude was 1 V/m. Fig. 1b displays the result of the calculation, for various aspect ratios. Clearly visible is that two resonances occur in the structure. As the hole aspect ratio increases, the strongest resonance shifts to lower frequencies (longer wavelengths), whereas the location of the second, slightly weaker, resonance is more or less fixed at ≈ 500 THz (600 nm). In the next sections, we focus on the behavior of a single emitter which emits in the frequency range of the strongest resonance.
Lifetime of emitters versus aspect ratio
For each aspect ratio, calculations were carried out for two orientations of a dipole in the central hole. The dipole was positioned at the center of the central hole, 10 nm away in the z-direction from the dielectric substrate. For each aspect ratio, P/P 0 = γ/γ 0 was calculated for dipoles with x-and y-orientations. Here, P 0 is the power dissipated by a dipole in free space. Due to the time-consuming nature of the calculations, z-oriented dipoles were not regarded. The results of the calculations are shown in Fig. 2 . For an x-oriented dipole, the relative decay rate is maximal when the dipole is in a hole array with an aspect ratio of 0.94. As the aspect ratio increases, the decay rate of a dipole with x-orientation drops, for all frequencies included in the calculation. The maximum decay rate occurs at 400 THz, regardless the aspect ratio. In contrast, for y-oriented dipoles, the calculated decay rates show a maximum that is a function of frequency and aspect ratio. The maximum decay rate shifts down to lower frequencies as the aspect ratio increases. From these simulations the conclusion can be drawn that hole arrays are highly dispersive devices: the decay rates of embedded emitters is highly sensitive to the emission frequency and orientation of the emitters in the hole array. Figure 2 : Simulated decay rate of dipoles located at the center of the central hole in a 9 × 9 hole array. In (a), the results of the simulation for x-oriented dipoles is displayed. The relative decay rate is the highest for an aspect ratio of 0.94. As the aspect ratio increases, the relative decay rate drops for all frequencies included in the calculation. For y-oriented dipoles, for which the results are displayed in (b), there is a clear maximum in the relative decay rate which depends on the frequency and aspect ratio of the holes. With increasing aspect ratio, the maximum in relative decay rate shifts to lower frequencies.
To compare the found decay rates with an in-plane dipole 10 nm above bare glass, instead of free space, the numbers found must be divided by 1.3. The factor 1.3 accounts for the increase in decay rate due to coupling of the near field of an in-plane dipole to a glass substrate.
Angular emission patterns versus aspect ratio
Emission patterns as a function of aspect ratio were calculated at a single frequency of 375 THz (800 nm) for a single y-oriented dipole situated at the center of the central hole. The frequency at which the calculation was performed is chosen such that the peak in field strength (Fig. 1b) and decay rate (Fig 2b) moves across this particular frequency and reveals the influence of solely the aspect ratio on the emission pattern. The results of this calculation are shown in Fig. 3b -h as a function of θ and φ, where θ and φ are defined as shown in Fig. 3a . As the aspect ratio increases, an emission lobe develops at the center of the emission pattern. A further increase of the aspect ratio causes two side lobes to emerge which are more intense than the center peak. Fig. 3 shows that the radiation pattern of a single y-oriented dipole, at the center of the central hole, strongly depends on the aspect ratio. It can therefore be expected that emitters at different locations and with different orientations have an emission pattern that strongly depends on the aspect ratio as well.
Beside the angular emission pattern as a function of aspect ratio, the angular emission of a single y-oriented dipole in a hole array with a fixed aspect ratio of 1.65 was calculated as a function of frequency. The results of this calculation are displayed in Fig. 4a-f . The properties of the hole arrays depend strongly on frequency, which results in a highly modified emission pattern when the emission frequency of the y-oriented dipole is increased from 350 to 400 THz. As the frequency increases, the magnitude of the center lobe drops and two side lobes emerge.
CONCLUSIONS
Through simulations, hole arrays are shown to be highly dispersive: the decay rate and emission pattern of a single dipole in a hole array is strongly dependent on the emission frequency and its orientation. For emitters with moderate to low intrinsic quantum efficiency, the higher decay rates due to coupling to plasmonic modes-which Subscripts underneath each figure give the aspect ratio of the hole array. A white dotted circle depicts the collection cone of an air objective with an NA of 0.65. As the aspect ratio increases, an emission lobe develops at the center of the emission pattern. With a further increase of the aspect ratio, two side lobes emerge which are more intense than the center peak. . The aspect ratio of the holes was fixed to 1.65. As the frequency of emission increases, the magnitude of the center lobe drops and two side lobes emerge. may couple to radiative modes themselves-can improve the apparent quantum efficiency of these emitters. Furthermore, hole arrays are an efficient nanoscale solution to redirect radiation into a desired direction, for example for frequency sorting of emission. 41 As shown here, the aspect ratio of the holes is a simple parameter to adjust but has a significant influence on the emission pattern.
